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The Most Primitive Vertebrates with Jaws
Possess Highly Polymorphic MHC Class I Genes
Comparable to Those of Humans
al., 1992) and b (Bartl and Weissman, 1994), and not
only T cell receptor a and b, but also g and d genes
(Rast and Litman, 1994; Rast et al., 1997). Although, in
contrast to the bony fish, the cartilaginous fish do not
exhibit acute allograft rejection (Perey et al., 1968; Bory-
Kazuhiko Okamura,* Mitsuru Ototake,²
Teruyuki Nakanishi,² Yoshikazu Kurosawa,*
and Keiichiro Hashimoto*³
* Institute for Comprehensive Medical Science
Fujita Health University
senko and Hildemann, 1970), they appear topossess theToyoake
principal members of the MHC/T cell receptor system.Aichi 470-11
Because no MHC and T cell receptor genes or moleculesJapan
have been demonstrated in the mostprimitive vertebrate²National Research Institute of Aquaculture
group, cyclostomes, the cartilaginous fish are at presentTamaki
the most primitive group with which we can investigateMie 519-04
the nature of the MHC/T cell receptor system. However,Japan
isolation of authentic classic MHC class I genes from
the cartilaginous fish has not yet been achieved, and
this work has been hampered by the existence of severalSummary
MHC-related genes (Hashimoto et al., 1992; unpub-
lished data).We report the isolation and extensive analysis of highly
Based on their sequence similarities, MHC class I andpolymorphic MHC class I genes from sharks (Triakis
class II molecules seem to have originated from thescyllia), which belong to the most primitive vertebrate
same ancestral molecules (Kaufman et al., 1990; Lawlorgroup with jaws, the cartilaginous fish. Predicted com-
et al., 1990). However, there are structural differencesplete peptide-binding domains showed retention of
between these two classes: a class I molecule is com-the critical amino acid residues that would interact
posed of a heavy chain with three extracellular domainswith antigenic peptide termini and revealed extensive
(the two membrane-distal domains forming peptide-allelic polymorphisms comparable to those of classic
binding domains) and b2-microglobulin, whereas a classhuman MHC class I molecules. Mosaic structures
II molecule iscomposed of a and b chains, eachof whichwere apparent in these domains, suggesting recombi-
possesses two extracellular domains with a membrane-national mechanisms to create allelic diversity. The
distal domain forming a peptide-binding domain. Therepresent study demonstrates the establishment of the
is also functional divergence between the two classes:basic strategy for antigen-presentation employed by
MHC class I molecules mainly present peptides derived
MHC class I molecules and documents complete di-
from cellular proteins to CD81 cytotoxic T cells, while
vergence of two polymorphic MHC classes at a phylo-
MHC class II molecules present peptides derived from
genetically primitive stage of vertebrate evolution.
exogenous proteinsto CD41 helper T cells. Furthermore,
some characteristics, including the length of bound pep-
Introduction tides and the exact mechanisms for peptide binding
are different between these two MHC classes. While
Polymorphic major histocompatibility complex (MHC) peptides of mostly 9-mers bind to MHC class I mole-
class I and class II molecules play a crucial role in im- cules, with the peptide termini being held by conserved
mune reactions by presenting antigenic peptides to T residues of MHC class I molecules, longer peptides can
cells (Townsend and Bodmer, 1989; Germain, 1994). To bind to the open-ended antigen-binding site of MHC
understand the development of the vertebrate cellular class II molecules (Madden, 1995). It is not known at
immune system, it is of great interest to know at which which stage in animal evolution these two classes of
stage in vertebrate evolution the MHC/T cell receptor MHC molecules diverged. Thus, it is important to investi-
system was established. Use of the polymerase chain gate whether the cartilaginous fish possess typical MHC
reaction (PCR) has greatly accelerated studies of the class I genes.
MHC/T cell receptor system in lower vertebrates, and MHC molecules are unique in their highly polymorphic
we have demonstrated the existence of MHC class nature. They exhibit polymorphisms mainly at peptide-
I± and class II±related genes in the bony fish (Hashimoto binding amino acid positions. Therefore, MHC polymor-
et al., 1990). Subsequent studies revealed MHC class I phisms are directly related to the repertoire of antigenic
and class II genes from many kinds of bony fishes (Dixon peptides that can be bound and presented to T cells
et al., 1995). Previously we reported a gene with an in each species. Nucleotide changes and subsequent
MHC class I a3 domain±like exon in a shark genome positive selection against parasites are thought to be
(Hashimoto et al., 1992), which was the first molecular major causes of MHC polymorphism (Klein et al., 1993).
clue to the existence of MHC/T cell receptor system in In the cartilaginous fish, although MHC class II a chain
the cartilaginous fish, the most primitive jawed verte- genes are reported to be polymorphic (Kasahara et al.,
brate. Further studies of the cartilaginous fish demon- 1993) and polymorphism of b chain genes also has been
strated that they possess MHC class II a (Kasahara et suggested (Bartl and Weissman, 1994), no information
concerning MHC class I genes has been available.
In the present study, we succeeded in isolating typical³To whom correspondence should be addressed (e-mail: keihashi@
fujita-hu.ac.jp). MHC class I genes from sharks, enabling us to study
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Figure 1. Nucleotide Sequences of Three Shark MHC Class I cDNAs (Trsc-UAA*101, Trsc-UAA*201, and Trsc-UBA*201)
Deduced amino acid residues of Trsc-UAA*101 are shown above the DNA sequences. Dashes indicate identical bases as in Trsc-UAA*101;
asterisks indicate gaps in the sequences. The locations of various primers are also shown. The locations of primers used to isolate the initial
DNA fragment (DX) are labeled ªPrimer (DX).º Primers 166 and 155 or 186 were used to amplify the entire coding region of the Trsc-UAA
cDNA; primers 166 and 185 were used for the Trsc-UBA cDNA. The lineage-specific probes were prepared with the two primers labeled
ªPrimer (lineage)º; the locus-specific probes were prepared with the two primers labeled ªPrimer (locus).º The sequence of Trsc-UBA*201
was derived from the partial cDNA clone (from base 538 to the 39 end) isolated from the cDNA library, and the sequence obtained by RT-
PCR.
extensively the nature of the complete peptide-binding whether shark MHC class I genes exhibit allelic poly-
morphisms, and if so, to what extent and by what mech-domains of this primitive vertebrate. Among the im-
portant questions addressed in the present study are anisms they create allelic diversity.
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Table 1. Similarities of MHC Class I Molecules from Various Vertebrates
Salmon Frog Lizard Chicken Human
Shark a1 45 48 43 45 44
a2 48 41 52 37 35
a3 23 27 27 34 28
Salmon a1 43 41 42 33
a2 40 47 45 37
a3 29 21 29 29
Frog a1 44 38 45
a2 45 51 38
a3 24 40 30
Lizard a1 49 41
a2 49 45
a3 43 37
Chicken a1 38
a2 52
a3 33
Percentages of amino acid identity are shown. Trsc-UAA*101 was used for the shark sequence; others are from Figure 2 (HLA-A2 for human).
Results and Discussion class I molecules from various vertebrates are compared
with each other. The shark molecule, Trsc-UAA*101, ex-
hibits high percentages of identity when compared withIsolation of Shark MHC Class I cDNAs
other vertebrate MHC class I molecules. Trsc-UAA*201If authentic classic MHC class I genes exist in the carti-
and Trsc-UBA*201 also show similar percentages oflaginous fish, they may be expressed in various tissues,
amino acid identity (data not shown).as observed for mammalian classic MHC class I genes.
Comparison of the predicted shark MHC class I se-Based onour previous approach (Hashimoto et al.,1990,
quences with those of other vertebrates reveals many1992, 1995), we obtained MHC class I±like DNA frag-
highly conserved amino acid residues, as demonstratedments by PCR, using genomic DNA from red blood
in Figure 2. In particular, Trsc-UAA and Trsc-UBA mole-cells of the shark (T. scyllia) N2 as a template, with
cules retain highly conserved amino acid residues thatvarious degenerate oligonucleotide primers that corre-
would interact with antigenic peptide termini throughspond to the two conserved regions of MHC class I a3
hydrogen bonding (Madden, 1995). These are (positionsdomains (Figure 1 shows the locations of the primers).
in the shark sequence) Y7, Y57, R82, T139, K142, W143,Northern analyses revealed that a gene containing a
Y156, and Y168. Although an amino acid residue at theDNA fragment named DX is expressed in various tissues
position 82 is a tyrosine in mammalian sequences, ansuch as kidney, spleen, and liver, with a major band of
arginine is observed at this position in all other verte-approximately 3.4 kb in length (data not shown). There-
brate groups, including sharks. Because of this highfore, this gene was a candidate for the shark classic
conservation of the amino acid residues interacting withMHC class I gene.
peptide termini, the basic strategy for peptide-bindingUsing DX as a probe, we isolated relevant cDNA
to MHC class I molecules appears to be the same fromclones from a kidney cDNA library of shark N2 and found
the cartilaginous fish to the mammals. These highly con-that they possess typical MHC class I sequences with
served characteristics of the shark MHC class I mole-three extracellular domains (Figure 1). Two kinds of
cules compared with the mammalian molecules suggestgenes that seem to be equally expressed were obtained
that these shark molecules possess stuctures as well
from 12 sequenced clones. They possess highly distinct
as functions similar to those of mammalian MHC class
sequences for the putative peptide-binding a1 and a2
I molecules (Bjorkman et al., 1987; Townsend and Bod-
domains butan identical sequence at the 39 untranslated mer, 1989).
region (up to available z700 bases downstream of the However, some of the amino acid residues that are
stop codon; Figure 1), thus apparently constituting the reported tobe critical for interaction with CD8 molecules
polymorphic alleles. After further extensive analyses, we in mammals (e.g., Q226 in the mammalian a3 domain)
named these genes MhcTrsc-UAA*101 and MhcTrsc- (Potter et al., 1989; Salter et al., 1990; Sun et al., 1995)
UAA*201 according to the proposal by Klein et al. (1990) are not observed in the shark molecules. Some amino
based on the two major lineages classified in the a2 acid residues important for CD8 binding in mammals
domain (see below). Another clone (partial) was also also are not observed in the MHC class I molecules of
identified, but it has a sequence at the 39 untranslated other vertebrates, such as Xenopus and salmon (Figure
region highly distinct from those of Trsc-UAA and it 2). It is possible that putative shark CD8 molecules re-
appears to be derived from another locus. We named quire amino acid residues distinct from those in mam-
this gene MhcTrsc-UBA*201 (Figure 1). mals for interacting with the shark MHC class I mole-
Table 1 shows similarities between sharks and other cules described in the present study.
vertebrates in the extracellular domains of MHC class I We also compared the shark MHC class I sequences
molecules. In the peptide-binding a1 and a2 domains, obtained in the present study with the shark DS-1 se-
quence (Hashimoto et al., 1992), and they are highlymore than 40% identity is often observed when MHC
Immunity
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Figure 2. Predicted Amino Acid Sequences of MHC Class I Molecules from Sharks and Other Representative Vertebrates
Amino acid numbers above the sequences are based on the predicted shark MHC class I molecules; numbers below the sequences are
based on the sequence of the HLA-A2 molecule. L, leader peptide; TM and CY, the transmembrane and cytoplasmic domains, respectively.
For comparison, the human MHC class I±related sequence (MR1) and shark sequence DS-1 are also shown.
Sequences derived from both Trsc-UAA and Trsc-UBA loci are shown. Trsc-UAA sequences are classified into two major lineages (lineage
1, Trsc-UAA*101±112 and 115±119; lineage 2, Trsc-UAA*201±210) based on the a2 domain sequences. Trsc-UAA*113 is a hybrid at the a2
domain between the two major lineages, and Trsc-UAA*114 shares a unique sequence with Trsc-UAA*113 in the middle of the a2 domain.
Dashes indicate the same amino acids as those in Trsc-UAA*101. Especially for the shark sequences, dashes indicate the same amino acid
with the same codon as those in Trsc-UAA*101; plus signs indicate synonymous codons (identical at a given amino acid position); asterisks
indicate gaps in the sequences that were inserted to obtain the maximum alignment; filled circles, the positions of the amino acids that
interact with antigenic peptide termini in mammals; open circles, other positions of amino acids that can interact with antigenic peptide in
human and/or mouse molecules; downward arrowheads, the amino acid positions of the shark MHC class I molecules in which at least three
different amino acid residues are observed in either Trsc-UAA lineages; upward arrowheads, the amino acid positions in which the same
amino acid residues as in all of the shark molecules are found in MHC class I molecules from at least four other vertebrate groups.
The latter positions include the following (positions in the shark sequence): amino acid residues such as cysteines (C98, C161, C196, and
C251) that would be important for the structural integrity of MHC class I molecules; a potential N-glycosylation site in the a1 domain (N84);
some of the amino acid residues interacting with b2-microglobulin in mammals (F8, T10, Y26, R45, R226, P227, D230, and Q234); a tyrosine
(Y308) and serines (S320 and S323) in the cytoplasmic region that are potential phosphorylation sites; some salt bridges (e.g., H3 and D28,
and H90 and D115). The amino acid residues important for CD8 binding in mammals are as follows (amino acid positions in the HLA-A2
sequence): 115, 122, 128, 223±229, 233, 235, 245 and 247. Groups of closely related shark sequences with a small number of nucleotide
substitution(s) are as follows: Trsc-UAA*102 and -UAA*115; -UAA*111 and -UAA*112; -UAA*202, -UAA*206 and -UAA*210; -UAA*201 and
-UAA*207; and -UBA*201 and -UBA*205.
GenBank accession numbers: shark DS-1 M85291, salmon L07606 (corrected at the cytoplasmic region [Van Erp et al., 1996]), frog L20733,
lizard M81094, chicken X12780 (including another cytoplasmic exon [Kroemer et al., 1990]), human HLA-A2 K02883, and human MR1 U22963.
Immunity
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Table 2. Summary of Alleles from Shark MHC Class I Loci
UAA Locus UAA Locus
UBA Locus UBA Locus
Individual Lineage 1 Lineage 2 Lineage 2 Individual Lineage 1 Lineage 2 Lineage 2
N1 102 202 C1 113 (202)
N2 101 201 201 C3 114 207 205
N3 103 C4 (113) 208 206
104 C6 (114) 209
N4 105 203 202 D1 (101)
N5 (103) (108)
106 D3 115
N6 107 204 203 116
N7 108 E1 117 210
109 E5 (108) (205)
A1 110 204 F1 118 (205)
120N F3 (108)
A7 (108) 119
111 G1 (107) (202)
B1 112 205
B2 (108) 206
Parentheses around alleles indicate that they already appeared in other shark(s). Trsc-UAA*113 is an apparent hybrid between lineages 1 and
2, and Trsc-UAA*114 essentially belongs to lineage 1 but shares a unique sequence with Trsc-UAA*113. Expression of Trsc-UAA*120N is not
detected. In group C, the paternal genes are derived from two individuals, and Trsc-UAA*113 and 114 are confirmed to be the maternal genes.
distinct from each other (Figure 2). Although DS-1 pos- and b2-microglobulin. From the Trsc-UBA locus, the lin-
eage 2 sequences were also obtained. Therefore, if infor-sesses a domain that resemblesMHC class I a3domains
of other vertebrates with some mammalian characteris- mation were taken only from peptide-binding domains,
loci could be assigned incorrectly. An allele from thetics of CD8 binding, its expression is limited (unpub-
lished data) and its exact nature remains to be clarified. Trsc-UAA locus can be much closer to one from the
Trsc-UBA locus in the peptide-binding domains (for ex-We obtained another MHC class I±related DNA fragment
(D6, the middle region of the a3 domain) that has 50% ample, Trsc-UAA*204 and Trsc-UBA*203) than to one
from the same Trsc-UAA locus. The mature proteinsamino acid identity with Trsc-UAA*101 molecule. How-
ever, expression could not be detected in various tis- from the two loci can be distinguished by the unique
residues in the cytoplasmic domain (Figures 1 and 2).sues with this DNA fragment as a probe (data not
shown). Thus, apparently there are some MHC class The origin of the alleles of the shark MHC class I genes
and their frequencies are summarized in Table 2. SharksI±related sequences in the shark genome in addition to
the sequences reported in the present study. A1±F3 had been selected from littermates based on the
results of Southern blot analysis to obtain distinct alleles
(data not shown). At the Trsc-UAA locus, all 22 sharksAllelic Shark MHC Class I Genes
To investigate the allelic polymorphism further, we per- possess lineage 1 while 14 sharks possess lineage 2.
We obtained 29 distinct expressed alleles (71%) from 41,formed reverse transcriptase PCR (RT-PCR) using mRNA
from the kidneys or blood cells of 22 sharks to amplify although we selected some individuals from littermates.
The most frequently observed allele, Trsc-UAA*108, wasthe entire coding regions of Trsc-UAA and Trsc-UBA
with primers (Figure 1) for the 59 and 39 untranslated found in five individuals. Considering the number of al-
leles of HLA class I molecules reported thus far (67, 149,regions. We were able to amplify two sequences at the
Trsc-UAA locus from each shark (except a single case; and 39 alleles for theHLA-A, -B, and -C loci, respectively;
Parham and Ohta, 1996), the high polymorphism of thesee below) but just one sequence at the Trsc-UBA locus
from a restricted number of sharks. Figure 2 shows the shark MHC class I molecules may be comparable to
those of human classic MHC class I molecules.predicted amino acid sequences of all distinct alleles
derived from the twoshark MHC class I loci. We obtained
29 alleles for the Trsc-UAA locus and 6 for the Trsc-UBA Southern Blot Analyses of Shark
MHC Class I Locilocus. Both Trsc-UAA and Trsc-UBA are polymorphic in
the a1 and a2 domains (discussed below). Using genomic DNA from seven sharks (N1±N7), South-
ern blot analyses were performed and the results areThere are apparently two major distinct a2 lineages
at the Trsc-UAA locus. These two lineages, represented presented in Figures 3A±3E. Sharks N2, N4, and N6
revealed positive bands equivalent to three copies ofby Trsc-UAA*101 (lineage 1) and Trsc-UAA*201 (lineage
2), possess distinct amino acid residues especially in MHC class I genes, while others demonstrated just two
(Figure 3A). The a2 lineage-specific probes were pre-and around the middle region of the a2 domain (Figures
1 and 2). Existence of the two major distinct lineages in pared from the a2 domains of the two lineages (Figure
1 shows primer locations); the results with these probesthe a2 domain might be related to, in addition to the
peptide binding, the interaction of these MHC class I are shown in Figures 3B and 3C and clearly correspond
with the results obtained by sequencing (Figure 2 andmolecules with other molecules such as TAP (trans-
porter associated with antigen processing), LMP (low Table 2). Hybridization experiments with probes specific
for Trsc-UAA or Trsc-UBA locus were also performed.molecular mass polypeptide) (Kandil et al., 1996), CD8,
Highly Polymorphic Shark MHC Class I Genes
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Figure 3. Southern Blot Analyses
(A±E) Southern blot analyses of MHC class I genes in seven sharks (1±7, sharks N1±N7) are shown (A±C, BamHI digests and 1.5% gel; D,
EcoRI digests and 0.8% gel; E, BamHI digests and 0.8% gel). Hybridizations were performed with the a2 domain probe that detects genes
at both Trsc-UAA and Trsc-UBA loci (A), the a2 lineage 1-specific probe (B), the a2 lineage 2-specific probe (C), the Trsc-UAA locus-specific
probe (D), or the Trsc-UBA locus-specific probe (E). Although relatively weak bands of approximately 12 kb could be detected with the a2
domain probe (with BamHI digests and 0.8% gel), the a3 domain probe detected only the bands observed in (A) and no other bands (data
not shown). In (A), based on the results of (B) and (C), unmarked bands are positive for the lineage 1-specific probe; bands with asterisks to
their left are positive for the lineage 2-specific probe; the circle indicates bands positive for either a2 lineage-specific probe. Based on intensity,
the bands in sharks N5 and N6 in (A) are double and triple bands, respectively. The polymorphism in the length of the positive bands in (A)
should be due to some highly variable intron region. The positive bands in (D) were approximately 9.4 and 1.7 kb in length (arrowheads), as
the cDNA probe detected the two genomic EcoRI fragments. In BamHI digests, positive bands greater than 23 kb were observed with Trsc-
UAA locus-specific probe (data not shown). The positive bands in (E) were approximately 6.6 kb in length. Marker positions (0.56 and 2.0 kb)
are indicated to the left in (A±C).
(F and G) Cosegregation of Trsc-UAA and Trsc-UBA genes. Southern blot analyses with 17 littermate sharks (1±17 for sharks A1±A17) are
shown (F, BamHI digests and 1.5% gel; G, BamHI digests and 0.8% gel). The probes were the a3 domain probe (F) or Trsc-UBA locus-specific
probe (G). In (F), positive bands (a±e) were assigned as follows: Trsc-UAA*120N (a, z1.6 kb in length), Trsc-UBA*204 (b, z1.2 kb), Trsc-
UAA*110 (c, z0.78 kb), Trsc-UAA*108 (d, z0.75 kb), and Trsc-UAA*111 (e, z0.7 kb). Band (b) is positive with the lineage 2-specific probe,
and all other bands are positive with the lineage 1-specific probe (data not shown). The 17 sharks can be classified into four groups: A1
(bands a±c; A1, A2, A5, A10, and A14); A3 (c and d; A3, A4, A6, A9, A15, and A16); A7 (d and e; A7, A8, A12, and A17); and A11 (a, b, and e;
A11 and A13). The mother of sharks A1±A17 possesses bands a, b, and d (data not shown). The positive bands in (G) were approximately
6.6 kb in length, like those in (E). The amount of DNA in lane 10 was lower than in the others.
These probes were prepared by PCR with primers at at the Trsc-UAA locus. Southern blot analyses using
DNA from other sharks also showed results consistentthe cytoplasmic and 39 untranslated regions (Figure 1).
While the Trsc-UAA locus±specific probe detected posi- with those by sequencing (data not shown).
tive bands from all seven sharks (Figure 3D), only sharks
N2, N4, and N6 were positive with the Trsc-UBA locus± Cosegregation of the Two Loci
Figure 3F shows Southern blot analysis using genomicspecific probe (Figure 3E). From the results of sequenc-
ing and Southern hybridization, we concluded that all DNA derived from 17 littermate sharks (A1±A17). The
results showed that there are four patterns of positiveseven sharks possess two alleles at the Trsc-UAA locus
and that only sharks N2, N4, and N6 possess a single bands, represented by A1, A3, A7, and A11. In the A1
and A11 groups, there are three positive bands, andallele at the Trsc-UBA locus in addition to two alleles
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the Trsc-UBA locus±specific probe detected a posi- the several amino acid positions corresponding to those
that can interact with antigenic peptides in mammaliantive band in these groups and not in those with two
bands (Figure 3G), whereas all sharks are positive with molecules (Figure 5B; Saper et al., 1991; Matsumura et
al., 1992). The profiles of the a1 domain of the two lin-the Trsc-UAA locus±specific probe (data not shown).
Therefore, it appeared that A1 and A11 groups possess eages and the a2 domain of lineage 1 appear to be
similar to those of some human or mouse classic MHCtwo Trsc-UAA genes and one Trsc-UBA gene while the
A3 and A7 groups possess just two Trsc-UAA genes. class I molecules (Figure 5B; Parham et al., 1995). These
polymorphic positions further support the conclusionIn accordance with this assumption, we were able to
isolate two kinds of Trsc-UAA cDNAs from A3 (Trsc- that the shark MHC class I molecule possesses a struc-
ture and a function similar to those of mammalian MHCUAA*108 and Trsc-UAA*110) or A7 (Trsc-UAA*108 and
Trsc-UAA*111). However, we could amplify only a sin- class I molecules.
Figure 2 revealed that there are several closely re-gle Trsc-UAA cDNA from A1 (Trsc-UAA*110) or A11
(Trsc-UAA*111), in addition to a single Trsc-UBA cDNA lated shark sequences. Some differ from one another
by substitution of only one or two nucleotide(s) at the(Trsc-UBA*204). By Southern blotting, in shark A1 the
Trsc-UAA locus±specific probe could detect a positive putative peptide-binding positions. It was confirmed by
sequencing independently amplified clones that theseband the intensity of which is equivalent to that of two
copies of Trsc-UAA genes (data not shown). The Trsc- sequences werenot PCR artifacts. These examples sug-
gest that a point nucleotidesubstitution mechanism mayUAA gene associated with Trsc-UBA*204 gene appears
not to be expressed (see below). Thus, the results of be responsible for producing these allelic sequences,
although the possibility of small-scaled recombinationsthe four simple patterns shown in Figure 3F indicated
that one Trsc-UAA gene and one Trsc-UBA gene are cannot be excluded. Most of the polymorphic changes
at the DNA level in the putative peptide-binding regionscosegregated on the same chromosome and that the
distribution of the genes occurs in Mendelian fashion. are nonsynonymous, namely amino acid altering, as
observed in mammals (Figure 2 and data not shown;Consistent with this conclusion, in littermate group C,
Trsc-UAA*207 and Trsc-UAA*208 always associate with Hughes and Nei, 1988), suggesting that selection mech-
anism(s) similar to those in mammals may be operatingTrsc-UBA*205 and Trsc-UBA*206, respectively (Table 2
and data not shown). in sharks.
Although many MHC class I genes have been reportedThe two loci of the shark MHC class I genes should
have been produced through gene duplication mecha- from various bony fishes and although polymorphisms
in the peptide-binding domains have been studied (Dixonnisms. Although sequences from the two loci have dis-
tinct cytoplasmic domains and highly diverged 39 non- et al., 1995), their allelic status has been largely obscure.
coding regions (Figures 1 and 2), their three extracellular
domains cannot be easily distinguished from one other.
Mosaic Structures and Recombinational MechanismsThere might be genetic interactions in those regions
The shark MHC class I molecules revealed several con-between the two loci. In shark A1, by sequencing the
spicuous sequence motifs in the a1 and a2 domains,PCR fragments corresponding to the a1 and a2 domains
as shown in Figure 6A. Essentially, dimorphism waswith its intervening intron derived from the genomic
observed: there are two major sequence motifs in eachDNA, we found that the unexpressed Trsc-UAA*120N
region. The analysis of the shark MHC class I sequencesgene possesses the a1 domain and intron sequences
revealed that there are mosaic combinations of the se-that are the same as those of Trsc-UBA*204, present in
quence motifs in the putative peptide-binding domains.the same chromosome of shark A1, while its a2 domain
Figure 6B is a schematic representation of the a1 andhas a novel sequence for lineage 1 (Figure 4). This Trsc-
a2 domains; this figure depicts several sequence motifs,UAA*120N gene possesses in the a2 domain a single-
including those presented in Figure 6A. In general, se-base insertion that produces a frameshift mutation. It
quence motifs could be found in various combinations.was confirmed that these observed sequences were
For example, three regions with two major sequencenot PCR artifacts (see Experimental Procedures). These
motifs will produce eight distinct combinations if theyresults suggest that interlocus recombination (nonrecip-
are freely combined, and Figure 6B indicates that sevenrocal) might have occurred between the two loci to result
of eight of these combinations have been observed inin sharing of the a1 domain and the intron, and that the
Trsc-UAA alleles, when the regions including sequenceimpairment of expression of the Trsc-UAA*120N gene
motifs 2, 3, and 4 (or 5) were considered. These exam-might have been produced through this process.
ples of clear and extensive mosaic structures of se-
quence motifs suggest the existence of recombinational
mechanisms (reciprocal and/or nonreciprocal, namelyPolymorphic Positions in the Shark MHC
Class I Molecules gene conversion) to create further allelic diversity of the
shark MHC class I genes.Figure 5A shows the amino acid variability (Wu and Ka-
bat, 1970) in the a1 and a2 domains of the two distinct Recombination may be an efficient mechanism to pro-
duce new alleles that may acquire distinct ability in pep-lineages of Trsc-UAA and a single lineage of Trsc-UBA.
While the profiles of the a1 domain of the two lineages tide binding, simply by changing combinations of the
preexisting sequences. In human HLA class I genes,of Trsc-UAA seem largely similar, those in the a2 domain
are considerably distinct from one other. These two ma- some of the observed mosaic structures have been in-
terpreted as indications of recombination, and manyjor lineages apparently maintain a distinct polymorphic
nature in the a2 domain. High scores are observed at new apparent recombinants have been reported in
Highly Polymorphic Shark MHC Class I Genes
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Figure 5. Polymorphic Positions in Shark MHC Class I Molecules
Variability was calculated for Trsc-UAA lineage 1 (17 sequences,
Trsc-UAA*101±112 and 115±119), lineage 2 (10 sequences, Trsc-
UAA*201±210), or Trsc-UBA (six sequences, Trsc-UBA*201±206).
Variability is defined as the number of different amino acids at a
given position divided by the frequency of the most common amino
acid at that position (Wu and Kabat, 1970).
(A) Wu-Kabat variability plots of the shark MHC class I a1 and a2
domains. Amino acid numbers are shown below the plots.
(B) Amino acid positions with high variability (.4.0) in MHC class I
molecules of the shark, mouse (H2-K and H2-D; Pullen et al., 1992),
and human (HLA-A, HLA-B, and HLA-C; Bjorkman and Parham,
1990). Dots indicate amino acid residues that can interact with
bound peptides.
South Amerindians, especially at the HLA-B locus (Bel- I genes (Nathenson et al., 1986), are thought to be op-
erating mainly on MHC class I genes, resulting in reduc-ich et al., 1992; Watkins et al., 1992; Parham and Ohta,
1996). In mice, interlocus recombinations, which have tion of locus specificity (Pullen et al., 1992). Possible
recombinations in class I genes have also been reportedbeen well documented in studies of mutant MHC class
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in other species (for example, Yuhki and O'Brien, 1990;
Hunt et al., 1994) and also in class II genes (for example,
Gyllensten et al., 1991; She et al., 1991; Zoorob et al.,
1993; Mikko and Andersson, 1995; Zangenberg et al.,
1995). In the MHC class II a chain genes of nurse sharks,
three possible intraexonic recombinations have been
described (Kasahara et al., 1993). Thus, recombination
may play a role in generating new MHC alleles in many
vertebrate species, from the cartilaginous fish to hu-
mans, although its activity may vary among species,
MHC classes, loci, period of time, and other features.
In contrast to heterogeneity at specific positions in
the peptide-binding domains, there are small neutral
mutations at other positions in those domains (Figure
2), and the 39 noncoding region of the two Trsc-UAA
cDNAs were impressively homogeneous (Figure 1). At
shark MHC class I gene loci, both diversification and
homogenization of the sequences may occur through
recombination.
Conclusions
Based on the sequences obtained, the present study
revealed similarities in the MHC class I molecules be-
tween sharks and mammals in many respects, including
the predicted structure of the complete peptide-binding
domains, the mode of peptide-binding, the polymorphic
nature of the peptide-binding domains, and the mecha-
nisms of creating allelic polymorphism. The results sug-
gested that the basic strategy for antigen presentation
by MHC class I molecules had already been established
at a phylogenetically primitive stage of vertebrate evolu-
tion. On the other hand, the complexity observed in the
T cell receptors of the cartilaginous fish also seems to
be comparable to those of mammalian members (Rast
et al., 1997). Therefore, the mode of interaction between
MHC class I molecules and a/b T cell receptors of carti-
laginous fish would be similar to those reported for the
mammalian complex of molecules (Garboczi et al., 1996;
Garcia et al., 1996). In addition to the similarity with
mammals, the shark MHC class I genes exhibit a charac-
teristic feature: there are two highly distinct a2 lineages
(motif 1 in Figure 6A), white: EFVHYD in amino acid sequence (GAGT
TTGTTCATTATGAC in nucleotide sequence); striped: VIDEYN
(GTGATTGATTATAAC). Region 2 (motif 2), white: MKKTI (ATGAAGA
AGACGATT); thin black: MKKMI (ATGAAGAAGATGATT); black: TQ
Figure 6. Mosaic Structures in Shark MHC Class I Molecules RDV (ACCCAGAGGGATGTT). Region 3 (motif 3), white: ILSE (ATCCT
CTCGGAG); thin black: IAMT (ATCGCCATGACG); black: TLMT(A) Conspicuous sequence motifs in the a1 and a2 domains of Trsc-
UAA sequences. Five representative examples (sequence motifs (ACTCTGATGACG). Region 4 (amino acid residues 115±145) includ-
ing motif 4, white: the lineage 1 sequences that possess the same1±3 in the a1 domain and sequence motifs 4 and 5 in the a2 domain)
are shown. One of the major motifs is shown at the top in each amino acid residues at least from 125 to 145; black: the lineage
2 sequences that possess (almost) the same amino acid residuesgroup, with predicted amino acid residues (in bold) above the DNA
sequences. The amino acid number of the first residue of each from 115 to 145. Region 5 (motif 5), white: KDQ (AAGGACCAG);
striped: GTP (GGCACTCCG).sequence motif is indicated. Dashes indicate the same bases or the
same amino acid residues as in the top motif; plus signs indicate Trsc-UAA*113 is an apparent hybrid in region 4, and Trsc-UAA*114
shares a unique sequence with Trsc-UAA*113 in this region (stripes).the amino acid residue with a synonymous codon. The frequency
of each motif in the 29 total Trsc-UAA sequences is shown on the In addition, there is a unique sequence block (alanines at amino
acid residues 74 and 75) (asterisk). Pattern numbers to the right ofright. The sequences including motif 4 determine the a2 lineages
of Trsc-UAA, and only a part of the lineage-specific sequences is the figure are as follows: 1 (white [w] in region 2, w in region 3, w
in region 4), 2 (black [b], w, w), 3 (w, b, w), 4 (b, b, w), 5 (w, w, b), 6represented in motif 4.
(B) Extensive mosaic structures of shark MHC class I sequences. (b, w, b), 7 (w, b, b), and 8 (b, b, b). Pattern numbers with parentheses
indicate that the sequences possess a thin black bar (a single-baseThis diagram shows the patterns of combinations of selected se-
quence motifs in the a1 and a2 domains of the 29 alleles at the change) instead of a white bar in region 2. A number in parentheses
following the name of an allele indicates the frequency obtained inTrsc-UAA locus and 6 alleles at the Trsc-UBA locus. In each region
(arrows), sequences are represented by bars as follows. Region 1 independent sharks.
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The lineage 1±specific probe (107 bp), primers: no. 181, 59-GCAGAAin a single locus, one of which is shared by another
TTCGGATTCTTCCAGTTCGGCTGG (forward) and no. 182, 59-GCAduplicated locus found in some haplotypes. These shark
GAATTCCACTTCTTCTTGGTGATCTCCC (reverse), and template:genes constitute one of the clearest examples of mosaic Trsc-UAA*101 cDNA clone. The lineage 2-specific probe (107 bp),
structures of sequence motifs, further stressing the im- primers: no. 179, 59-GCAGAATTCGGATTCTTTCGGGACGGCTGG
portance of recombination in the creation of allelic poly- (forward) and no. 180, 59-GCAGAATTCCACTTCTCCTTGGTCAGCA
CTG (reverse), and template: Trsc-UAA*201 cDNA clone. Trsc-UAAmorphism in vertebrates. With the results of the present
locus-specificprobe (150 bp), primers: no. 187, 59-GCAGAATTCACTstudy, it is now clear that complete divergence of two
TCTGACAAAGCAGAA (forward) and no. 188, 59-GCAGAATTCACAApolymorphic MHC classes has been established at the TCAAAGTTTCAGAA (reverse), template: Trsc-UAA*101 cDNA clone.
evolutionary stage of the cartilaginous fish. The shark Trsc-UBA locus-specific probe (161 bp), primers: no. 189, 59-GCA
MHC class I molecules in our study also may be involved GAATTCACTTCTGATAGAGGGGAA (forward) and no. 190, 59-GCA
GAATTCACAATCAGAGTTTCAGCT (reverse), and template: Trsc-in interaction with receptors on putative shark natural
UBA*201 partial cDNA clone. For the amplification of the genomickiller cells, which may constitute a primitive immune
sequence including the a1 and a2 domains, primer no. 129N andsurveillance system (Gumperz and Parham, 1995).
no. 132N (described above) were used: no. 129N, 59-GCAGAATTCG
Considering difficulties in isolating many immune- CTCTCACTCTCTCCGGTA (forward).
related genes from the jawless vertebrate group (cyclo-
Library Screeningstomes) apparently lacking a thymus and a spleen, the
A cDNA library was constructed with kidney mRNA of shark N2cartilaginous fish may be phylogenetically the most
using the TimeSaver cDNA Synthesis Kit (Pharmacia Biotech) andprimitive animal group that possesses similarity with
l-ZAPII vector (STRATAGENE). The library made with random hex-
mammals in the immune system. However, this point amer primers was then screened with the DX probe, and more than
remains to be further explored and clarified. 150 positive clones were detected in 5 3 105 clones. Twelve clones
were fully sequenced and six Trsc-UAA*101 and six Trsc-UAA*201
were revealed. From the cDNA library made with oligo (dT) primers,Experimental Procedures
only one positive clone (Trsc-UBA*201) was obtained from 7.5 3
105 clones.Animals
Sharks (T. scyllia) were obtained from the sea near Japan. Sharks
RT-PCRN3±N7 were kindly provided by the Shima Marineland Foundation.
mRNA was directly purified from shark kidneys (the sharks N1±N7,The following numbers of littermate sharks were obtained from six
independent individuals) using the QuickPrep mRNA Purificaion Kitpregnant sharks (A±F): 17 (A), 18 (B), 17 (C), 9 (D), 5 (E), and 5 (F).
(Pharmacia Biotech). cDNA for PCR was synthesized using the Su-
per Script Preamplification System (GIBCO BRL). To amplify the
General Methods entire coding region, PCR was performed on cDNA from 50 ng
DNA from red blood cells and RNA were extracted using standard mRNA. The PCR reaction mixture (100 ml) contained 5 units of LA
techniques (Sambrook et al., 1989) and PCR was carried out as Taq polymerase (Takara), LA Taq buffer, 200 mM dNTP, 125 nM
described (Hashimoto et al., 1995) unless otherwise stated. DNA each primer (no. 166 and no. 155), and cDNA template. PCR condi-
from the red blood cells of littermate sharks was isolated using tions were 948C for 2 min and then 25±30 cycles of 948C for 1 min,
sodium iodide and N-lauroylsarcosine (Ishizawa et al., 1991) instead 558C for 30 s, 728C for 2 min, and finally 728C for 8 min. PCR products
of phenol. mRNA was purified with an mRNA purification kit (Phar- were then cloned into Bluescript vectors (Stratagene). Sequencing
macia Biotech). Northern and Southern hybridizations were per- was performed with an automated sequencer (4000L, LI-COR) and
formed as described (Sambrook et al., 1989). For Southern blot SequiTherm long-Read Cycle Sequencing Kits (Epicentre Technolo-
analysis, 5 mg of DNA digested with a restriction enzyme was elec- gies). Twelve clones per locus were sequenced to exclude PCR
errors, although no recombinational artifact was observed undertrophoresed through an agarose gel and then blotted onto a nylon
the conditions used. In addition to Trsc-UAA cDNA, the primer setmembrane. After hybridization, the membrane was washed with
of no. 166 and no. 155 can also amplify Trsc-UBA cDNA (2 of more0.13 SSC/0.05% SDS (Figures 3A±3C and 3F) or 0.53 SSC/0.05%
than 80 clones); however, in that case, an additional 18 bases areSDS (Figures 3D, 3E, and 3G) at 428C (13 SSC 5 0.15 M sodium
included at the 39 untranslated region. From shark N2, two Trsc-chloride/0.015 M sodium citrate [pH 7]) and autoradiographed. The
UAA and one Trsc-UBA were amplified that are equivalent to thenucleotide sequences were determined by the chain termination
cDNA clonesfrom the library. The sequences were further confirmedmethod (Sambrook et al., 1989).
by sequencing independently amplified PCR products. In this case,
primer no. 186 specific for Trsc-UAA was also used to amplify cDNAPCR Primers and Probes
from this locus.Primer sequences for the amplification of the a3 domain fragments
Similarly, mRNA was purified from red blood cells of the otherare no. 45, 59-TCAGGATCCTGYT(C/A)NGTGACNGRYTTCTAYCC
sharks (A1, A7, B1, B2, C1, C3, C4, C6, D1, D3, E1, E5, F1, F3, and
(Y 5 T or C; R 5 G or A; N 5 A, T, G, or C) (forward) and no.
G1), and RT-PCR (with primer no. 186 for Trsc-UAA) was performed
76, 59-GCAGAATTCNRYYTGR(A/T)ANGTNCCRTC (reverse) with a as described above. These sharks, except G1, had been selected
restriction enzyme site (underlined) (Figure 1 provides the locations based on the results of Southern hybridization (using BamHI digests
of the primers). For Trsc-UAA cDNA amplification, the following and the a1 or a3 domain probes) to obtain alleles distinct from those
primers were initially used: no. 166, 59-GACGAATTCAACTCTACATT of littermates (data not shown). Amplified fragments from the Trsc-
CAAGGCA (forward) and no. 155, 59-GCAGAATTCTGAACTCCATGG UAA locus usually could be classified using restriction enzymes
AATGTC (reverse). For Trsc-UBA cDNA amplification, it was found such as AfaI, SalI, and HincII. Each cDNA sequence was determined
that primer no. 166 can be used as the forward primer and no. 185 with at least three sequenced clones. The sequences were further
for the reverse: no. 185, 59-GCAGAATTCAGCAGGATACGAGAAACC confirmed by sequencing independently amplified PCR products.
(reverse). For specific amplification of Trsc-UAA cDNA, primer no. We could amplify only Trsc-UAA*110 by RT-PCR from the Trsc-
186 was used: 59-GCAGAATTCTCTCATCAGCTCCATTCA (reverse). UAA locus of shark A1 using various primers, including primers
Various probes were prepared by PCR using primers and tem- 129N and 132N. In a total of ten clones from various alleles, the three
plates as follows. The a2 domain probe (272 base pairs [bp]), prim- bases (CTG) coding for amino acid residue no. 302 were missing.
ers: no. 131N, 59-GCAGAATTCGGATCCACGTCCTTCAGCG (for- Whether this deletion is produced by an alternative splicing mecha-
ward) and no. 132N, 59-GCAGAATTCGGGTCTCAGTTGTCTCTC nism remains to be determined.
(reverse), and template: Trsc-UAA*101 cDNA clone. The a3 domain
probe (261 bp), primers: no. 183, 59-GCAGAATTCGCTCCCACCGTC Genomic Analysis
TCCTTTACC (forward) and no. 184, 59-GCAGAATTCATAAAACATCA Genomic sequences including the a1 and a2 domains were ampli-
fied from sharks A1 and N2. The conditions for PCR were the sameCCAATTTCTG (reverse), and template: Trsc-UAA*201 cDNA clone.
Highly Polymorphic Shark MHC Class I Genes
789
as described for RT-PCR, with 1 mg of genomic DNA as a template major histocompatibility complex class I loci reveals overdominant
selection. Nature 335, 167±170.and primers no. 129N and no. 132N. The amplified fragments were
classified into three groups with use of restriction enzymes (AfaI, Hunt, H.D., Pharr, G.T., and Bacon, L.D. (1994). Molecular analysis
SalI, and HincII). From shark A1, we obtained 6 (8), 6 (6), and 15 reveals MHC class I intra-locus recombination in the chicken. Immu-
(11) clones for Trsc-UAA*110, Trsc-UAA*120N and Trsc-UBA*204, nogenetics 40, 370±375.
respectively (clones from independent amplifications in parenthe- Ishizawa, M., Kobayashi, Y., Miyamura, T., and Matsuura, S. (1991).
ses). Another PCR was performed with primers no. 129N and no. Simple procedure of DNAisolation from human serum. Nucleic Acids
182 (lineage 1 specific). In this case, only Trsc-UAA*110 and Trsc- Res. 19, 5792.
UAA*120N were amplified.
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Note Added in Proof
Bartl et al. have identified class I genes in other sharks: Bartl, S.,
Baish, M.A., Flajnik, M.F., and Ohta, Y. (1997). Identification of class
I genes in cartilaginous fish, the most ancient group of vertebrates
displaying an adaptive immune response. J. Immunol., 159, in press.
